Background: Non-invasive lung adenocarcinoma could benefit from limited resection, nonetheless, there is a lack of method to determine preoperative tumour invasiveness. We aimed to investigate whether folate receptorpositive circulating tumour cells (FR + -CTCs) in combination with maximum tumour diameter (MTD) determines, before surgery, the invasiveness of small-sized, indeterminate solitary pulmonary nodules (SPNs). Methods: A total of 382 patients with suspicious lung adenocarcinoma on computed tomography who were expected to undergo lung resection were enrolled in this study at three participating institutes and randomly assigned into training and validation cohorts. Before surgery, 3 mL peripheral blood was collected from all participants. FR + -CTCs were analyzed using immunomagnetic leukocyte depletion and quantitated by ligand-targeted PCR method. After surgery, the resected tissues were diagnosed by pathologists according to IASLC/ATS/ERS classification. Findings: FR + -CTC levels in the peripheral blood can differentiate benign from malignant nodules with a sensitivity of 78·6%-82·7% and a specificity of 68·8%-78·4%. Both FR + -CTC and MTD are independent predictive indices of invasive tumours for lung adenocarcinoma ≤2 cm based on multivariate analyses. Further, FR + -CTC count in combination with MTD can differentiate non-invasive cancers from invasive cancers with a sensitivity of 63·6%-81·8% and a specificity of 71·4%-89·7%. Interpretation: Detection of FR + -CTC is a reliable method to differentiate malignancy of indeterminate SPNs. Combining of FR + -CTC count and MTD could possibly enhance preoperative determination of the invasiveness of lung nodules and guide surgeons to select limited lung resection and avoid overtreatment for patients with noninvasive lesions. Fund: None.
Background:
Non-invasive lung adenocarcinoma could benefit from limited resection, nonetheless, there is a lack of method to determine preoperative tumour invasiveness. We aimed to investigate whether folate receptorpositive circulating tumour cells (FR + -CTCs) in combination with maximum tumour diameter (MTD) determines, before surgery, the invasiveness of small-sized, indeterminate solitary pulmonary nodules (SPNs).
Methods: A total of 382 patients with suspicious lung adenocarcinoma on computed tomography who were expected to undergo lung resection were enrolled in this study at three participating institutes and randomly assigned into training and validation cohorts. Before surgery, 3 mL peripheral blood was collected from all participants. FR + -CTCs were analyzed using immunomagnetic leukocyte depletion and quantitated by ligand-targeted PCR method. After surgery, the resected tissues were diagnosed by pathologists according to IASLC/ATS/ERS classification. Findings: FR + -CTC levels in the peripheral blood can differentiate benign from malignant nodules with a sensitivity of 78·6%-82·7% and a specificity of 68·8%-78·4%. Both FR + -CTC and MTD are independent predictive indices of invasive tumours for lung adenocarcinoma ≤2 cm based on multivariate analyses. Further, FR + -CTC count in combination with MTD can differentiate non-invasive cancers from invasive cancers with a sensitivity of 63·6%-81·8% and a specificity of 71·4%-89·7%. Interpretation: Detection of FR + -CTC is a reliable method to differentiate malignancy of indeterminate SPNs. Combining of FR
Introduction
Growing use of chest computed tomography (CT) has resulted in the identification of over millions of solitary pulmonary nodules (SPNs) each year [1] . Although only approximately 30% of such SPNs are malignant, decisions to undergo surgical resection or pursue CT surveillance hinge on the probability of malignancy for the identified SPNs [2] . Tissue biopsy, radiographic imaging modalities, and serum biomarkers can help determine the malignancy. However, tissue biopsy is invasive and not practical in a significant portion of patients with small SPNs [3] , while other methods suffer from low sensitivity and specificity [4] [5] [6] . Thus, a non-invasive and reliable diagnostic assessment of SPNs is needed.
Since the report from the North American Lung Cancer Study Group of a three-fold increase in local recurrence rate and a decrease in overall survival following limited resection, lobectomy has been the standard of care for early-stage non-small cell lung cancer (NSCLC) in the past two decades [7] . Nevertheless, recent studies have shown that sub-lobar resection could be acceptable for patients with non-invasive adenocarcinomas [8] . For patients with stage IA NSCLC, segmentectomy has showed a comparable survival and a better preservation of lung function [9, 10] . Indeed, the NCCN guideline suggests that sub-lobar resection is appropriate in patients with peripheral nodule ≤2 cm, and pure adenocarcinoma in situ (AIS) histology [11] . Therefore, development of a non-invasive and sensitive strategy for predicting the invasiveness of lung nodules, particularly in NSCLC, before selecting eligible patients for limited lung resection will significantly benefit patients with noninvasive lung carcinoma, particularly early-stage, undefined smallsized SPNs, by avoiding major lung resections. In the long run, a reliable differentiating strategy for SPNs will significantly contribute to the reduction of lung cancer-associated mortality by guiding adequate and timely treatment and avoiding overtreatment of non-invasive SPNs.
Circulating tumour cells (CTCs), are the cells shed from the tumours and subsequently entered the circulation. With recent technological advances, CTC has emerged as one of the key markers in "liquid biopsy" for cancer management [12] . The CellSearch system, a CTC assay that captures CTCs using magnetic beads linked with monoclonal antibody against epithelial cell adhesion molecule (EpCAM), was approved for prognosis of several metastatic cancers by US FDA [13] . Because lung cancer cells were found to have substantial loss of EpCAM expression due to epithelial-to-mesenchymal transition [14] , the CellSearch system has limited sensitivity (23% versus 80% by size-based filtration method) for detecting CTCs in lung cancer.
Folate receptor (FR) has physiological and pharmacological functions mediating cellular and trans-cellular folate/antifolate transport [15] . FRα, the most widely expressed FR isoform, is aberrantly overexpressed in 77% of lung adenocarcinoma tissues but with low expression level in normal tissues [16, 17] . In the circulation, no cells except a rare subgroup of activated macrophages express FR [18] , therefore it could serve as a potential biomarker for identifying CTCs in the peripheral blood of lung cancer patients. In this study, we conducted a prospective, multi-center trial to determine the value of folate receptorpositive CTCs (FR + -CTCs) as a predictive index in diagnosing early NSCLC patients with SPNs.
Materials and methods

Study design
This study is a prospective, multi-centre trial conducted at three centres: Shanghai Chest Hospital affiliated to Shanghai Jiao Tong University, Renmin Hospital of Wuhan University, and Shanghai Pulmonary Hospital affiliated to Tongji University. From October 2013 to September 2016, 382 patients with single, suspicious CT-detected pulmonary nodules were enrolled. Inclusion criteria included: 1) patients with single CT-detected SPN of ≤3 cm; 2) suspicious NSCLC patients who are expected to undergo surgery; and 3) sufficient amount of peripheral blood sample collected before surgery. Exclusion criteria included: 1) history of cancer; 2) recent pulmonary infection; 3) previously treated with anti-cancer agents, corticosteroid, or other non-steroid anti-inflammatory drugs; and 4) multiple lung nodules. All resected nodules were examined by H&E pathological staining after surgery. The enrolled subjects were randomly assigned at a 2:1 ratio into training and validation sets, among which 222 subjects were randomly assigned to receive serum biomarker testing for comparison. Lung cancer staging was based on the 7th IASLC TNM Staging System. Benign lung diseases included harmatoma, pneumonia, tuberculosis, intrapulmonary lymph node, bronchiectasis, and granuloma. According to IASLC/ATS/ERS classification of lung adenocarcinoma, AIS is defined as non-invasive adenocarcinoma showing no stromal, vascular, or pleural invasion, while minimally invasive adenocarcinoma (MIA) and invasive pulmonary adenocarcinoma (IPA) are defined as invasive adenocarcinoma containing an invasive component [19] . The Institutional Ethics Committees of the three participating centres have approved this study. An informed consent was obtained from each participant.
FR
+ -CTC analysis FR + -CTC analysis was performed using the CytoploRare® Detection Kit provided by GenoBiotech (China) Co. Ltd. in a blinded manner (Supplementary Fig. 1 ). Three millilitres of peripheral blood were withdrawn into an EDTA-containing anti-coagulant tube from each subject before surgical operation. The enrichment of CTC was initially achieved by lysis of erythrocytes followed by immuno-magnetic depletion of leukocytes from the whole blood. Then, FR + -CTCs in each sample were quantified by ligand-targeted polymerase chain reaction (LT-PCR) as published before [20] . In brief, a tumour-specific ligand folic acid with a high labelling efficiency to FRα is used to label CTCs and an oligonucleotide that is conjugated to the tumour-specific ligand is used to determine the number of CTCs through conventional PCR. The primer sequences were listed as follows: detection probe (an oligonucleotide that is conjugated to the tumour-specific ligand folic acid), 5′-CTCAAC TGGTGTCGTGGAGTCGGCAATTCAGTTGAGGGTTCTAA-3′; forward
Research in context
Evidence before this study
We searched MEDLINE and conference abstracts (American Society of Clinical Oncology annual meeting, World Conference on Lung Cancer) with the terms "circulating tumour cells", "folate receptor", "limited lung resection", "non-small cell lung cancer", and "tumour invasiveness" to establish the feasibility of this study. Previous clinical evidence has demonstrated that FR + -CTC can be used for differential diagnosis between benign and malignant pulmonary nodules. However, FR + -CTC for the diagnosis of SPNs has not been fully examined in a multi-centre, large-scale, prospective study. More importantly, the utility of FR + -CTC level and its combination with MTD to determine tumour invasiveness was not reported.
Added value of this study
Our study shows that FR + -CTC can effectively discriminate benign and malignant pulmonary tumours and FR + -CTC is an independent predictive factor to differentiate non-invasive adenocarcinoma from invasive adenocarcinoma in small-sized early stage lung adenocarcinoma. 
Implications of all the available evidence
Tumour marker analysis
For the randomly selected portion of patients assigned to receive serum biomarker tests, 3 mL of peripheral blood was withdrawn into a blood coagulation tube. After centrifuging at 3500 rpm for 10 min, the serum was collected for analysis of tumour markers. Carcinoembryonic antigen (CEA), cytokeratin 19 fragments (CYFRA21-1), and neuron-specific enolase (NSE) were analyzed by flow fluorescence assay (Tellgen, Shanghai, China) and squamous cell carcinoma antigen (SCC) was detected by chemiluminescence immunoassay (Abbott Laboratories, IL, USA).
Immunohistochemistry
Lung adenocarcioma and benign lung disease tissue samples were obtained from selected patients. Serous ovarian cancer tissue samples purchased from OriGene Technologies, Inc. (MD, USA) served as a positive control. FFPE slides (5 μm each) were first deparaffinized and immersed in citrate buffer solution (pH = 6.0) for antigen retrieval. Next, the tissue sections were incubated with anti-FRα monoclonal antibody (R&D Cat# MAB5646, RRID: AB_2278620; diluted at 1:100) overnight at 2°C, followed by incubation with secondary antibody (TL-125-QPH, Thermo Fisher Scientific, MA, USA) for 15 min at room temperature. After repeated washing, the slides were stained with DAB and counterstained with haematoxylin for visualization. At last, slides were mounted with neutral balsam and observed under a light microscope (Carl Zeiss, Germany).
Immunostaining
CTCs were enriched in 3 mL of peripheral blood samples obtained from two selected lung cancer patients using the aforementioned protocol. The enriched CTC samples were fixed by 4% paraformaldehyde for 20 min at 4°C. Then the cells were labelled with a CD45 monoclonal antibody conjugated to Alexa 488 (Abcam Cat# ab197730; diluted at 1:100) and a fluorescent conjugates of folic acid (10 nM, Wuxi AppTec, Wuxi, China) for 1 h. After that, sample was washed and mounted with DAPI-containing mounting media (Thermo Fisher Scientific, MA, USA), and subsequently subjected to image analysis using a fluorescence microscope (Olympus, Japan).
Statistical analysis
The sample size was determined based on a previous study by Chen X, et al. [21] The difference of FR + -CTC or biomarker expression levels was compared using the Mann-Whitney U test or Kruskal-Wallis test. The categorical variables were compared using chi-square tests or Fisher's exact tests. Receiver operating characteristic (ROC) analysis was performed and the area under curve (AUC) was calculated to assess -CTC in combination with MTD to determine tumour invasiveness was then analyzed by ROC analysis and confirmed using the validation set data. A value of P b ·05 was considered to indicate a statistically significant difference. Statistical tests were performed using SPSS 18·0 software (SPSS, RRID: SCR_002865) and Prism 5·0 (GraphPad Prism, RRID: SCR_002798).
Results
FRα expression in lung cancer tissues
Immunohistochemistry was performed in FFPE samples collected from lung adenocarcinoma patients with different degree of tumour invasiveness and benign lung disease patients. FRα was highly expressed in lung cancer tissues, predominantly localized to the cell membrane (Fig. 1) . The expression level of FRα was similar between lung adenocarcinoma patients with different extent of tumour invasiveness, while patients with benign lung disease showed a relatively lower FRα expression level (Supplementary Table 1 ).
Detection of FRα
+ -CTC using immunofluorescent staining
Immunostaining of CD45, FRα, and DAPI was performed in CTC samples enriched from the peripheral blood of two lung cancer patients using negative depletion method. CTCs which were specifically labelled by fluorescent folate conjugates but not CD45 antibody were observed (Fig. 2) . In contrast, remaining leukocytes were labelled by CD45 antibody but not fluorescent folate conjugates. There were a few cells present in the two tested patients that were negative for both CD45 and FRα. We suggest that those are white blood cells that lack CD45 expression, such as subtypes of macrophages and monocytes [22] . It is also possible that those are CTCs that lack FRα expression or other circulating endothelial cells [23] . Though these hypotheses require further evaluation.
Patients' characteristics
SPSS was used to randomly assign the recruited patients into training (n = 260) and validation (n = 122) sets. The clinicopathological characteristics of the patients in each study group were shown in 
a In the training set, 117 lung cancer patients and 37 benign lung disease patients were randomly selected to receive serum biomarker tests. In the validation set, 52 lung cancer patients and 16 benign lung disease patients were randomly selected to receive serum biomarker tests. and (e-h) patient #2 using negative depletion method, in which CD45, nucleus, and FRα were stained in green, blue, and red, respectively. Table 1 . In brief, MTD showed no significant difference between patients with lung cancer and benign lung disease (P N ·05), while lung cancer patients showed a significantly higher expression of CEA, CYFRA21-1, and NSE compared to benign lung disease patients (P b ·05).
Value of FR + -CTC in predicting malignancy
In the entire cohort, the median FR + -CTC level in patients with malignant and benign lung diseases were 9·9 and 6·8 CTC Units/3 mL (P b ·001), respectively (Fig. 3a) . The average FR + -CTC level in the two groups were 10·38 and 7·00 CTC Units/3 mL, respectively. Patients were classified into three subgroups with MTD of ≤1 cm, 1-2 cm, or 2-3 cm. In different subgroups, the FR + -CTC levels were all significantly higher in patients with lung cancer than those with benign lung diseases (P b ·001; Fig. 3b-d) .
Within a randomly selected portion of patients, we also compared the diagnostic efficiencies of FR + -CTC with established tumour biomarkers. In a ROC analysis ( Fig. 2a and b) . With 8·3 CTC Units/3 mL as the cut-off value, the sensitivity and specificity for differentiating malignant from benign nodules were 78·6%-82·7% and 68·8%-78·4%, respectively.
Notably, when FR + -CTC was combined with CEA, CYFRA21-1, and NSE, the performance improved dramatically (Training set: AUC 0·864 [95% CI 0·807-0·921]; Validation set: AUC 0·802 [95% CI 0·673-0·930]; Supplementary Fig. 2c and d) .
Value of FR + -CTC in predicting tumour invasiveness
A total of 202 out of 256 patients with adenocarcinoma had a tumour size of ≤2 cm, which according to established guideline could be eligible for limited resection [11] . Within this subgroup, 51, 55, and 96 patients had pathological classification of AIS, MIA, and IPA, respectively. The baseline characteristics showed no significant difference between groups (P N ·05), while age and MTD were significantly correlated with increasing in tumour invasiveness (P b ·05; Supplementary Table 2) .
For FR + -CTC analysis, the median FR + -CTC levels in patients with AIS, MIA, and IPA were 8·9, 9·7, and 10·3 CTC Units/3 mL, respectively (Fig. 3e) . The average FR + -CTC level in the three groups were 8·74, 10·03 and 11·14 CTC Units/3 mL, respectively. The FR + -CTC levels between patients in the training and validation sets were similar (Supplementary Table 3 ). A significant difference in FR + -CTC count was observed between AIS versus IPA (P b ·001), AIS versus MIA + IPA (P = ·002), and AIS + MIA versus IPA (P = ·004). Logistic regression analysis was performed on the training set. Forward selection (likelihood ratio) algorithm was used to select variables to include in the logistic-regression model (Table 3) . Multivariate analysis indicated that FR + -CTC and MTD remained statistically independent predictive factors in classifying non-invasive and invasive cancers.
The performance of FR + -CTC in differentiating different pathological subgroups was examined by a ROC analysis. Probability of invasive cancer was calculated using the multivariate logistic-regression model established based on the training set data. The model was then confirmed using the validation set data. FR + -CTC can effectively differentiate between non-invasive and invasive cancers (Supplementary Fig. 3 ). When combined with MTD, the performance of FR + -CTC further improved (Table 4 ).
Discussion
With the overdiagnosis and overtreatment in lung cancer screening, an efficacious biomarker for assisting LDCT to determine the malignancy and tumour invasiveness of lung nodules is urgently warranted [24] . In this study, we found that FRα was highly expressed in lung cancer tissues and FR + -CTCs can be enriched from peripheral blood of lung cancer patients using the aforementioned negative depletion method and visualized by immunostatining with anti-FRα fluorescent folate conjugates, suggesting that FRα could be an effective "tag" for labelling lung cancer CTCs. We also showed that FR + -CTC detection can effectively differentiate malignant lesions from benign tumours, even in patients with early-stage lung cancers, yielding a high sensitivity and specificity. Consistent with our previous study, the performance of FR + -CTC in lung cancer diagnosis, in terms of AUC, was better than any other established serum biomarkers [20] . When combined with clinical tumour biomarkers, diagnosis can be incrementally improved. Not surprisingly, the sensitivity and specificity were slightly lower in this study than previous ones, because the FR + -CTC level has proven to associate with clinical stage and the majority of the recruited patients were in very early-stage (91·7% cases were stage 0-I) [20, 21, 25, 26] . In addition, FR + -CTC is an independent diagnostic factor regardless of
MTD.
Although lobectomy is the standard surgical procedure for lung cancer, a limited resection is suggested for some carefully selected patients, in particular patients with small-sized lesions. Previous report suggested that non-invasive adenocarcinomas are potential candidates for limited resection and have excellent prognosis [8] . Evaluating tumour invasiveness of lung adenocarcinomas preoperatively can be crucial in determining the most adequate surgical procedures. In practice, it is sometimes difficult to eliminate tumour invasion through intraoperative morphological diagnosis based on frozen sections [27] . Lee et al. reported that lesion border and lesion margin on CT imaging that were routinely used in clinical settings showed only moderate interobserver agreement [28] , thereby calling for a more objective and robust parameter other than CT imaging to differentiate non-invasive adenocarcinomas from invasive ones. In this study, our results demonstrated that in small-sized lung adenocarcinoma, FR + -CTC level Table 3 Logistic analyses of clinical predictors of tumour invasiveness (Training set).
Variables
Univariate analysis Multivariate analysis
Odds ratio (95% CI) P value Odds ratio (95% CI) P value
Only patients in the training set, who were randomly selected to receive serum biomarker tests (17 AIS, 22 MIA, and 44 IPA patients), were included in the logistic analyses. The logistic equations established from the training set data were confirmed using the validation set data in ROC analysis (Fig. 3A-F Only patients who were randomly selected to receive serum biomarker tests (117 lung cancer and 37 benign lung disease patients in the training set, 52 lung cancer and 16 benign lung disease patients in the validation set) were included in this ROC analysis. The logistic equations and cut-off values established from the training set data were confirmed using the validation set data. The equations are as follow: Probability of malignancy = e was significantly lower in non-invasive adenocarcinomas than that in invasive adenocarcinomas. Multivariate analysis revealed that smaller tumour size and lower FR + -CTC level are significant independent differentiators of non-invasive cancer from invasive cancer. It is generally accepted that CTCs can enter the circulation through epithelial-tomesenchymal transition and the transition to M-type confers the tumour cells with the ability to pass through the wall of blood vessel [29] . Therefore it is probable that the more aggressive tumour cells would be released as CTCs at a very early-stage of cancer and led to a greater increase in the level of CTCs in circulation. This could also explain why tumour invasiveness could lead to a change in FR + -CTC level while the FRα expression levels in tissue were similar. Although the shedding of tumour cells into bloodstream has traditionally been regarded as a late-stage event during the progression of tumour [30] , recent studies have demonstrated that CTCs could be detected even at a pre-malignant stage [31] , which is in agreement with our hypothesis. In addition, we found that the diagnostic efficiency of The potential limitation of this study is the selection bias. As only patients who were suspicious for lung cancer and underwent surgery resection subsequently were enrolled in the current study, and only patients who received serum biomarker tests were included in the analysis determining tumour invasiveness (leading to the small sample size of the subgroups in the validation set), our results required further validation in a more general population in future. In addition, Teixeira et al. has recently reported several molecular alterations such as methylation changes associated with the progression of preinvasive lung cancer lesions [32] . Unfortunately, since the majority of the patients were not followed-up after surgical treatment and the mutation statuses were not assessed, the correlation between the FR + -CTC level and those molecular alterations cannot be evaluated.
In conclusion, LT-PCR based FR + -CTC detection can be used as a reliable tool for early diagnosis of NSCLC in patients with undefined SPNs. More importantly, FR + -CTC could be an independent indicator for evaluating tumour invasiveness of small-sized lung adenocarcinoma, and thus opening the opportunity for using CTC to guide clinical decision for limited resection surgery.
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